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ABSTRACT

Neurosecretory cells in crustacean eyestalk ganglia produce a putative molt-inhib-
iting hormone (MIH) which directly suppresses production of the steroid molting
hormone, ecdysone, by the peripheral Y-organs. Neurotransmitter mediation of MIH
release from isolated eyestalk ganglia of the crab, Cancer antennarius, was explored
using an MIH bioassay based upon i# vitro inhibition of Y-organ ecdysteroid pro-
duction by eyestalk ganglion-conditioned saline. The conditioned saline (0.01-1.0
eyestalk equivalent) inhibited Y-organ ecdysteroid production dose-dependently and
reversibly, and the effect of the saline was specific as to conditioning tissue. Isolated
ganglia released a significant portion of their MIH activity in 2-h incubations, but also
retained a significant portion. 5-hydroxytryptamine (5-HT) enhanced MIH release at
concentrations of 107!% Af to 107® M. Acetylcholine, dopamine, octopamine, norepi-
nephrine, or gamma-aminobutyric acid (1077 A/=107¢ M) did not alter basal MIH
release. The 5-HT precursor, 5-hydroxytryptophan (1077 A7), stimulated M1H release,
while the tryptophan hydroxylase inhibitor, p-chlorophenylalanine (107° A7), and the
5-HT receptor antagonist, cyproheptadine (10~7 Af). inhibited MIH release to below
basal levels. Apparently, 5-HT neurons provide excitatory input to MIH-containing
neurosecretory cells.

INTRODUCTION

In decapod crustaceans, the steroidogenic Y-organs are the source of the molting
hormone, ecdysone (Chang et al., 1976; Chang and O’Connor, 1977). Eyestalk extir-
pation and implantation studies (Carlisle, 1957; Gersch ef al., 1977) and in vitro
suppression of steroidogenesis in Y-organ tissue segments and dispersed cells by eyestalk
extracts (Mattson and Spaziani, 1985a, b; Watson and Spaziani, 1985) indicate that
an eyestalk factor (MIH) directly inhibits Y-organs. MIH originates in eyestalk neu-
rosecretory cells (X-organs) with axonal endings that form a neurohemal organ, the
sinus gland (SG) (see reviews by Kleinholz, 1976; Cooke and Sullivan, 1982).

Evidence exists that suggests a synaptic basis for control of neurohormone release
from the X-organ-SG complex. Isolated X-organ-SGs change electrical activity in
response to S-hydroxytryptamine (SHT) and gamma-aminobutyric acid (GABA) (Na-
gano and Cooke, 1981). In addition, studies by Fingerman and co-workers on the
release of chromatophorotropic hormones from eyestalks i# vivo and in vitro in Uca
puigilator suggest that SHT, dopamine (DA), and norepinephrine (NE) induce release
of a red pigment-dispersing hormone, red and black pigment-concentrating hormones,
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and black pigment-dispersing hormones, respectively (Fingerman and Fingerman,
1977a; Fingerman ¢t al,, 1981; Quackenbush and Fingerman, 1984). Higher-order
neurons with specific neurotransmitter phenotypes apparently control release of specific
peptides from neurosecretory cells in mammalian pituitary (Mathison, 1981; McCann,
1981) and insect brain and corpus cardiacum (Samaranoyaka, 1976; Orchard
et al., 1983).

We reported recently a formal bioassay for MIH based on suppression by eyestalk
extracts of ecdysteroid production in isolated Y-organ quarters of the crab Cancer
antennarinus (Mattson and Spaziani, 1985a). Soumoff and O’Connor (1982) showed
that isolated whole Y-organs are inhibited in a dose-dependent manner by SG-con-
ditioned saline from Pachygrapsus crassipes. The present study combines the MIH
bioassay and the conditioned medium technique to measure release of MIH activity
from isolated eyestalk whole ganglia exposed to neurotransmitters and agents that
alter transmitter synthesis or receptor action. The experiments provide evidence that
transmitter-specific higher-order neurons intrinsic to eyestalk ganglia supply excitatory
input to MIH-containing neurosecretory cells.

MATERIALS AND METHODS

Female rock crabs, Cancer antennarius Stimpson, were obtained from Pacific
Biomarine (Venice. CA) and Marinus, Inc. (Westchester, CA), and were maintained
individually in compartments of water tables with constantly circulating. charcoal-
filtered reconstituted sea water at 16-17°C. Crabs were fed fish three times weekly
and were allowed to acclimate to their environment for at least two weeks prior to
experimentation (Mattson and Spaziani, 1985c¢).

Eyestalks were cleaned with alcohol swabs, removed by cutting connective tissue
and the optic nerve at the base, and transferred to sterile Pantin’s saline (Pantin. 1934).
The protruding stump of the optic nerve was grasped with a blunt forceps and the
entire complex of optic ganglia (including the X-organ-sinus gland complex) was re-
moved from the exoskeleton, freed of adhering connective and ommatidial tissue, and
placed in saline (1 ganglia/100 ul saline) without (control) or with given concentrations
of neurotransmitters or drugs. Contralateral ganglia from individual animals were
randomly assigned to control and treatment plates to control for possible effects of
interanimal variabilities in MIH neurosecretory activity. Incubations were at 20°C in
an atmosphere of 50% oxygen/50% air with rotary shaking at 60 rpm for 2 h unless
otherwise stated. 1n one experiment individual sinus glands were isolated by dissection
and incubated under the above conditions. At the end of incubations the conditioned
saline was removed. immersed in a boiling water bath for 2 min. and centrifuged at
1000 X g for 10 min. The supernatant was removed. adjusted to the initial incubation
volume with water. and stored frozen. SHT, DA, NE, acetylcholine (ACH), octo-
pamine (OA), GABA, 5-hydroxytryptophan (SHTP), p-chlorophenylalanine (PCPA),
cyproheptadine (CPH), and reserpine were obtained from Sigma Chemical Co.
(St. Louis. MO).

For the assay of MIH activity, activated Y-organs from 48 h de-eyestalked crabs
were removed, quartered, and incubated for 24 h under conditions supporting maximal
and sustained ecdysteroid production as previously described (Mattson and Spaziani.
1985a). Under these conditions Y-organ quarters produced between 90 and 130 pg
of ecdysteroids/ug protein/24 h in all experiments in the present study. To Y-organ
quarters incubated in 500 ul of medium (Medium 199 adjusted to crab serum os-
molarity and supplemented 10% with fetal calf serum, and buffered with 2.0 g/t HEPES)
was added 100 gl of saline (control) or of eyestalk ganglia-conditioned saline (GCS).
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SG-conditioned saline, or saline containing neurotransmitters or drugs (controls for
possible direct action of these agents on Y-organ ecdysteroid production). When con-
secutive incubations (with intervening medium changes) were done, Y-organ tissue
was washed twice (10 min/wash) with 500 ul of medium between incubations.

At the end of incubations, medium was removed and stored at 4°C for ecdysteroid
RIA. At the end of final incubations Y-organ tissue was processed for protein quan-
tification. Procedures for ecdysteroid RIA and preparation of tissue for protein assay
have been previously described (Mattson and Spaziani, 1985a). Protein was quantified
by the Bradford (1976) method using BSA as standard. Ecdysone antiserum (antibody
H21B: Horn et al., 1976; a gift from W. E. Bollenbacher, Dept. of Zoology, Univ. of
North Carolina, Chapel Hill), tritium-labeled ecdysone (specific activity 60 mCi/mmol;
New England Nuclear, Bedford, MA), and ecdysone standards (Research Plus, Ba-
yonne, NJ) were used for the ecdysteroid RIA. As Y-organs produce more than one
ecdysteroid with affinity for the antiserum used (Watson and Spaziani, 1985a) values
represent ecdysone equivalents. Intra- and interassay variabilities were 40 and 80 pg,
respectively at an ecdysone dose of 1 ng. Conditioned saline, neurotransmitters, and
drugs used did not interfere with ecdysteroid RIA.

MIH activity in GCS from neurotransmitter- or drug-treated ganglia was calculated
as the ratio of 24 h ecdysteroid production of Y-organ quarters exposed to control
GCS divided by those exposed to GCS from treated ganglia, X 100. Control GCS from
2-h incubations inhibited Y-organ ecdysteroid production to 40-60% of Y-organ con-
trol levels in all experiments. Statistical comparisons were done using Student’s t-test.

RESULTS

Time course of release of MIH activity from isolated evestalk ganglia
and sinus glands

We previously showed that ecdysteroid production by Y-organ quarters is inhibited
dose-dependently by MIH activity in eyestalk extracts (Mattson and Spaziani, 1985a).
Similar results were obtained in a dose-response study with GCS (Fig. 1). MIH activity
in GCS inhibited 24-h ecdysteroid production by Y-organ quarters dose-dependently
at concentrations of 0.01 to 1.0 eyestalk equivalents (ESE). Inhibition to less than
60% of control levels occurred at a GCS dose of | ESE: half maximal inhibition was
obtained with 0.01-0.1 ESE (Fig. 1). As Soumoft and O’Connor (1982) found that
isolated sinus glands from Pacliygrapsus crassipes released a maximal amount of MIH
activity within 1 h, we compared levels of MIH activity (as measured by degree of
inhibition of Y-organ ecdysteroid production) released over time from isolated sinus
glands and entire eyestalk ganglia complexes. This experiment was designed to deter-
mine an incubation time period which would allow release of MIH, but also the
retention of measurable amounts of MIH activity in ganglia. Figure 2 shows that 1
evestalk equivalent (ESE) of GCS from 2-h and 8-h incubations significantly inhibited
Y-organ ecdysteroid production to 53% and 31% of control levels, respectively. MIH
activity in 2-h GCS was intermediate to, and significantly different from, activity in
30-min and 8-h GCS. One ESE of SG-conditioned saline from 30-min, 2-h, and 8-h
incubations significantly suppressed Y-organ activity to near 30% of control levels.
MIH activity released from SGs at all three incubation times was significantly greater
than activity released from ganglia incubated for 30 min and 2 h, but was similar to
MIH activity in 8-h GCS. As intermediate amounts of MIH activity were released
from eyestalk ganglia incubated for 2 h, this incubation time was chosen for all sub-
sequent experiments.
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FIGURE 1. Dose-dependent inhibition of Y-organ activity by eyestalk ganglion-conditioned saline
(GCS). Y-organ quarters were incubated 24 h with the stated concentrations (expressed as eyestalk equivalents
ESE) of GCS and ecdysteroid production quantified by RIA. Points are each the mean and st. error of mean
of 4 (0.0005 ESE) or 8 (0.001-1.0 ESE) incubations. Control Y-organs produced 128 + 10 pg/ug gland
protein of ecdysteroids. Inhibition was significant at GCS doses of 0.01 ESE or greater (P < 0.05-0.001).
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FIGURE 2. Effect of incubation time on release of MIH activity from isolated eyestalk ganglia and
sinus glands. The tissues were incubated for the stated times in saline (1 ESE in 100 u of saline). and MIH
activity of the ganglion-conditioned (GCS)- and sinus gland-conditioned (SGCS)-salines determined by
ability to inhibit ecdysteroid production by Y-organ quarters in vitro (24 h). Points are each the mean and
st. error of mean of four incubations. Control Y-organ incubations produced 123 + 18 pg of ecdysteroids/
ug protein. a, P < 0.001 vsd; b, P < 0.05 vsaand ¢, P < 0.0l vsd; b, cand d, P < 0.01-0.001 vs control.
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FIGURE 3. Reversibility of GCS-induced suppression of Y-organ function. Y-organ quarters incubated
with (+GCS, | ESE) or without (CON) GCS for 12 h were washed twice (10 min/wash) with fresh medium
and incubated an additional 12 h in the absence of GCS. Height of each bar and enclosed line is the mean
and st. error of mean of four incubations. a, P < 0.05 vs CON.

Characterization of effects of GCS on Y-organ tissue ecdysteroid production

To determine whether GCS-induced inhibition of Y-organs was reversible, Y-
organs were incubated for 12 h with | ESE of GCS, washed, and incubated an additional
12 h in the absence of GCS. Figure 3 indicates that Y-organ ecdysteroid production
was significantly inhibited by GCS in the first 12-h incubation but was not significantly
different from control ecdysteroid levels in the second 12-h incubation after GCS
removal. To show that inhibition of Y-organ ecdysteroid production was specific for
saline conditioned with eyestalk ganglia, saline conditioned with crab muscle or brain
were tested for ability to alter Y-organ activity. Brain- and muscle-conditioned saline
at concentrations equivalent to 1 ESE of GCS (equivalent wet weights/saline volume)
did not significantly alter Y-organ ecdysteroid production in 24-h incubations, while
GCS significantly suppressed ecdysteroid production to near 50% of control levels
(Fig. 4).
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FIGURE 4. Tissue specificity of MIH activity released into saline. Ecdysteroid production of Y-organ
quarters incubated for 24 h with 1 ESE of GCS or saline conditioned with crab brain or muscle {lissue
weight/saline volume equal to | ESE) were compared. Bars and enclosed lines are the mean and st. error of
mean of four incubations. GCS, P < 0.01 vs CON.
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Effects of neurotransmitters on release of MIH activity from
isolated evestalk ganglia

Evestalk gangha were incubated for 2 h in saline containing a neurotransmitter,
and MIH activity released into this saline was compared to that released into control
saline. One ESE of GCS was used for control (basal) MIH release since it is clear from
Figure 2 that the ganglion retained sufficient MIH activity in 2-h incubations to allow
detection of changes in release of MIH activity caused by neurotransmitters. Control
GCS inhibited Y-organs 40-60% in all experiments. Ganglia exposed to 1077 Af SHT
released significantly more MIH activity than control ganglia (Fig. 5). DA (107% A7),
NE (107° A1), GABA (1077 M), ACH, (107 Af), and OA (107° Af) had no significant
effect on bioassayable MIH activity release from eyestalk gangha. In control experiments
in which neurotransmitters alone were added directly to cultured Y-organ tissue at
concentrations equivalent to those in GCS it was found that DA (10°® A7) significantly
inhibited ecdysteroid production to 40% of control levels (other neurotransmitters
had no effect on Y-organ activity). However, when 107% Af DA was incubated in saline
alone for 2 h and the saline was carried through the usual boiling. centrifuging. freeze-
thawing procedure for GCS (see Materials and Methods), this saline was ineffective
in suppressing Y-organ ecdysteroid production. It was concluded, therefore, that DA
does not affect MIH release.

Figure 6 shows that SHT enhanced dose-dependently the release of MIH activity
from isolated eyestalk ganglia. SHT at 1077 Af caused maximal release of MIH activity:
half maximal effect occurred with SHT at approximately 10 '% Af.
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FIGURE 5. Effect of neurotransmitters on release of MIH activity from isolated eyestalk ganglia. MIH
activity in 1 ESE of GCS from control (CON) or transmitter-ireated ganglia in 2-h incubations were compared
using the Y-organ bioassay for MIH. Control Y-organ tissue produced a mean of 95 pg of ecdysteroids/ug
protein/24 h. Control GCS inhibited Y-organs 40-60% in all experiments. Bars and enclosed lines are the
mean and st. error of mean of 8 (SHT) or 4 (other neurotransmitters) assays. Concentrations of neurotrans-
mitters were 107 M for SHT, gamma-aminobutyric acid (GABA), and acetylcholine (ACH); 107 A1 for
dopamine (DA). norepinephrine (NE). and octopamine (OA). SHT, P < 0.05 vs control (100%) GCS value.
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FIGURE 6. Dose dependency of SHT-enhanced release of MIH activity from isolated eyestalk ganglia.
MIH activities in | ESE of GCS from ganglia treated for 2 h with the given 5HT concentrations were
measured using the Y-organ bioassay. Points are the mean and st. error of mean of 8 (1077 Af) or 4 (other
SHT doses) incubations. SHT at doses of 10'® Af or greater significantly inhibited Y-organ ecdysteroid
production (P < 0.05-0.02). Control Y-organ tissue produced 102 + 20 pg of ecdysteroids/ug protein/24 h.

Effects of agents altering SHT synthesis, release, or receptor activity on release
of MIH activity

Isolated eyestalk ganglia exposed to the SHT precursor SHTP (1077 A ) released
significantly more MIH activity (170%) than control ganglia (Fig. 7). GCS from ganglia
treated with the tryptpophan hydroxylase inhibitor, PCPA (107° Af) or the SHT re-
ceptor antagonist, CPH (1077 M), contained significantly less MIH activity (80%) than
control GCS. Ganglia exposed 1o both SHT and CPH (107 Af each) showed no sig-
nificant change in MIH release compared to control ganglia. The monoamine depletor,
reserpine, at a concentration of 10 ® Af did not have a significant effect on assayable
MIH release.

DISCUSSION

A method for bioassay of MIH activity in crab eyestalk-conditioned saline (Figs.
1-4) has allowed assessment of neurotransmitter involvement in release of MIH activity
and identification of SHT as a stimulator of MIH release from the X-organ-SG neu-
rosecretory complex in Cancer antennarins (Figs. 5-7). Release of maximal MIH
activity from isolated SGs alone occurred within 30 min of incubation (Fig. 2), con-
sistent with Soumoftf and O’Connor’s (1982) report that all detectable release of MIH
activity from SGs of Pachygrapsus crassipes occurred in less than 1 h in vitro. In
contrast, isolated eyestalk ganglia which contained intact X-organ-SG neurosecretory
cells released MIH but also retained measurable MIH activity for several hours after
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FIGURE 7. Effects of agents that alter SHT synthesis, release, or receptor action on MIH activity
released from isolated eyestalk ganglia. The Y-organ bioassay was used to compare MIH activities in |
ESE of GCS from control (CON) or treated ganglia after 2 h incubations. Control Y-organ tissue produced
a mean of 90 + 13 pg of ecdysteroids/ug protein/24 h. Control GCS inhibited Y-organs 40-60% in all
experiments. S-hydroxytryptophan (SHTP) and cyproheptadine (CPH) concentration was 10”7 Af; p-chlo-
rophenylalanine (PCPA) and reserpine (RES), 10°® M. For the experiment in which ganglia were exposed
to both CPH and SHT, ganglia were incubated in CPH-containing saline for 5 min prior to addition of
SHT. Bars and enclosed lines are the mean and st. error of mean of four assays. a, P < 0.02 vs control
(100%) GCS value; b, P < 0.05 vs control.

removal to saline (Fig. 2). It is likely that severing X-organ axons during SG isolation
induces MIH release. Doses of GCS and SG-conditioned saline capable of significantly
inhibiting Y-organ activity (0.01 ESE, Fig. 1 and Soumoft and O’Connor, 1982) are
an order of magnitude lower than doses of homogenized eyestalk extract required for
inhibition (Mattson and Spaziani, 1985a; Watson and Spaziani, 1985); MIH activity
appears to be lost in the extraction procedure. probably because of insufficient breakup
of secretory granules. These results suggest that quantitative recovery of MIH may be
obtained by collecting 8-h GCS. which contains MIH activity equal to that in SG-
conditioned saline but does not require tedious dissection of SGs. The inhibitory
effects of GCS on Y-organs were reversible and specific (Figs. 3, 4) consistent with
previously reported effects of eyestalk extracts using the same bioassay culture system
(Mattson and Spaziani, 1985a).

Within limits of sensitivity of our MIH bioassay, SHT induces release of MIH
activity from isolated eyestalk ganglia at concentrations of 107'% A or greater, consistent
with concentrations of neurotransmitters causing release of chromatophorotropic hor-
mones from isolated eyestalks in Uca pugilator (Quackenbush and Fingerman, 1984).
Our findings that the SHT precursor, SHTP, stimulates, while PCPA (an inhibitor of
SHT synthesis) or CPH (a SHT receptor blocker) inhibits release of MIH activity (Fig.
7). suggest that neurons exist in eyestalk ganglia that provide SHT input to MIH-
containing cells. The effects of PCPA and CPH in lowering MIH release to below
basal (control) levels suggest interference with endogenous SHT. In addition, CPH
blocked the stimulatory effect of exogenously applied SHT, indicating a specific effect
on SHT receptors. Although a significant inhibition of release of MIH activity was
not obtained with the monoamine depletor, reserpine, due to variability between gan-
glia, the mean level of MIH activity released by reserpine-treated ganglia was identical
to levels released by PCPA-treated ganglhia. Morphological studies indicate few or no
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synapses on X-organ somata or axonal terminals in SGs, with many synapses localized
to neurites (Cooke and Sullivan, 1982).

It is likely, therefore, that SHT receptors antagonized by CPH (Fig. 7) are localized
to neurites. Other neurotransmitters tested in the present study were ineftectual in
altering release of MIH activity. This suggests that if higher-order neurons control the
SHT neurons providing input to MIH-containing cells they are either located elsewhere
in the CNS or they are also serotonergic; intrinsic SHT neurons may also be directly
responsive to visual inputs (e.g., light, movement).

In the course of control experiments we found that DA applied directly to cultured
Y-organ tissue caused significant inhibition of ecdysteroid production; the processing
procedure for GCS (see Materials and Methods) abolished this DA activity. DA was
likely oxidized by the incubation, boiling process. We are currently exploring the
direct action of DA on Y-organ tissue and preliminary evidence suggests that DA (as
is the case for MIH activity, Mattson and Spaziani, 1985b) acts through the cyclic
AMP second messenger system (unpub. obs.).

Evidence suggests that release of specific neurotransmitters by neurons impinging
on neurosecretory cells results in release of specific neurohormones. NE and DA stim-
ulate release of leuteinizing hormone-releasing hormone (Negro-Vilar et al., 1979),
while cholinergic and beta-adrenergic stimulation induce vasopressin release from
hypothalamic-hypophyseal cells in mammals. Neurosecretion is induced by SHT in
insects (Scharrer and Wurzelmann, 1978), and hyperglycemic hormone and erythro-
phore-concentrating hormone are released from crustacean X-organ-SG cells in re-
sponse to SHT and DA stimulation, respectively (Keller and Beyer, 1968; Fingerman
and Fingerman, 1977a). However, it is apparent that selective activation of subgroups
of neurons with a particular transmitter phenotype must occur in order for specific
neurohormones to be released in response to specific environmental stimuli. In crus-
taceans, SHT induces release from eyestalks of red pigment-dispersing hormone (Fin-
german and Fingerman, 1977a), hyperglycemic hormone (Keller and Beyer, 1968),
and MIH (present study). Combined data from several laboratories suggests that in-
dependent groups of SHT neurons may respond to difterent (or similar) environmental
stimuli. Thus red pigment-dispersing hormone release is maximal in daylight (Fin-
german and Fingerman, 1977b), while hyperglycemic hormone release is maximal in
darkness (Dean and Vernberg, 1965). In addition, both hyperglycemic hormone (Keller,
1983) and MIH (Mattson and Spaziani, 1985¢) are apparently released in response to
environmental stressors. Control of release from neurosecretory cells by neurons con-
taining classical neurotransmitters thus appears complex and future immunohisto-
chemical, biochemical, and electrophysiological experiments will be required to identify
and quantify neurosecretory cells in crustaceans containing specific hormonal products,
1o assess possible processing of larger precursor molecules, and to elucidate neural
inputs controlling release. In the case of MIH definitive studies in these areas require
isolation and purification of MIH and anti-MIH antibody production.
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